ABSTRACT A strong wave manifestation may be a dominant constituent of the bar structure in barred spiral galaxies : large-scale gaseous density waves and shocks are identified as important phenomena in the gas flow. We generalize the steady-state gas-dynamical studies, previously limited to tightly wound normal spirals, to include barred and open-armed normal spirals. The steady-state response of the gas (non-self-gravitating) to a 5-107 o perturbing potential that is barlike in the inner parts and spiral-like in the outer parts is found to be strong and capable of inducing the formation of large-scale gaseous density waves and shocks in the bar and along the spiral arms. Highly oval streamlines characterize the gas circulation in the inner regions of the disk where large noncircular motions are of the order of 50 km s _1 to 150 km s -1 . Strong velocity gradients in the gas flow are particularly pronounced across the bar near the shock.
I. INTRODUCTION
As early as the late 1950s, Holmberg (1958) in his photometric study of some 300 extragalactic systems found that "the majority of the spiral nebulae exhibit a more or less pronounced bar; the bar . . . not always recognizable on the blue plate, but. . . usually visible on the photovisual exposure." Among 994 bright spirals, de Vaucouleurs (1963«) classified over 60% as SB or SAB. Lin (1970) suggested: "It is perhaps sufficient, but not necessary, to have a short barred structure at the center... to initiate a two-armed grand 1 National Research Council Associate; present address, IBM T. J. Watson Research Center. design" of spiral structure. The formation of a barlike distortion has been followed by Hohl (1975) through numerical A-body calculations for a disk of stars: the barlike distortion rotating in the same direction but (like a wave manifestation) more slowly than the computer particles that circulate within it. The overwhelming tendency toward bar-making in these calculations and in those of Miller, Prendergast, and Quirk (1970) is now more clearly understood in terms of the critical ratio of organized kinetic energy to gravitational potential energy (Ostriker and Peebles 1973; Miller and Smith 1979) .
Fundamental observational characteristics of barred spirals include : 1) Lack of dominance of the bar in photometric studies. The underlying stellar mass distribution may be no more pronounced than a mild, barlike oval distortion or wave manifestation.
2) Sharpness and straightness of narrow dust lanes often offset and slanting obliquely toward the leading edge of the bar.
3) Large-scale noncircular motions of the gas. 4) Gas streaming along the bar. 5) Sharp bending of the bar into spiral arms. 6) Presence of luminous giant H n regions which often distinguish the spiral arms from the bar in the region where the arms break from the bar.
7) Relative lack of gas in the inner annuli of the disk encompassing the bar in many early-type barred spirals.
NGC 1300 is cited by Sandage (1961) as the prototype of the pure SBb(s) ; see the photograph in Figure 1 . The bar is distinct and smooth in texture. Two straight and narrow dust lanes emerging on opposite sides of the nucleus can be traced to the ends of the bar, where they turn sharply and follow the inside of the spiral arms. In the early 1960s Prendergast already suspected that such dust lanes may be related to galactic shocks formed within the gas (Prendergast 1962) . This suspicion, together with the early work of Lin and Shu (1964, 1966) on the density wave picture of spiral structure, motivated the steady-state gas-dynamical studies of the late 1960s and early 1970s (Fujimoto 1968; Roberts 1969; Roberts and Yuan 1970; Shu et al. 1972; Shu, Milione, and Roberts 1973) in which the gaseous response to the perturbing spiral gravitational field of a spiral density wave pattern was found to be strong and capable of inducing the formation of largescale shock waves along the spiral arms. These studies identified the dark dust lanes along spiral arms as possible tracers of shocks and the galactic shock itself as a possible triggering mechanism for the formation of young stellar associations and H n regions "strung out like pearls along the arms" (Baade 1963) .
From these studies of normal spirals, it would seem natural to infer that the dust lanes along bars might be produced by similar shock wave phenomena. However, such dust lanes as those in NGC 1300 are even more intriguing. It is apparent that these dust lanes are not exactly parallel to the optical bar, but are slightly slanted along its leading edge. They pass almost through the tips of the bar and continue on to join the dust lanes on the inside edge of the spiral arms. Are these actually tracers of shock waves ? Is the bar in part a wave manifestation? It has remained to be demonstrated that such shocks can indeed occur in barred spirals, and under what conditions. Further, does the underlying barlike mass concentration have to be as narrow as the optically observed bar (e.g., in the photo in Fig. 1 ) in order to produce a shock along it? Our study will demonstrate that the bar potential can excite a strong wave manifestation and that shocks are indeed to be expected, even for relatively mild deviations from axisymmetry in the underlying mass distribution.
In a preliminary study of the steady-state gas response to a mild barlike distortion, Roberts (1971) already found that galactic shocks indeed form in lanes slightly offset along the major axis of the barlike distortion. Since then time-dependent, two-dimensional, numerical hydrodynamical calculations have been carried out by Sanders and Huntley (1976) , Sorensen, Matsuda, and Fujimoto (1976) , Huntley (1977) , Roberts (1978), and Liebovitch (1978) for the time-evolutionary response of the gas to barlike perturbations. Sanders and Huntley and Sorensen et al. both found that the timeevolutionary gas response shows open, trailing spiral density waves rotating with the angular speed of the distortion. Sanders and Huntley attributed these waves to the particular pattern of orbit-crowding initiated by the action of viscosity on gas orbits near resonance(s). However, these numerical codes lack the resolution necessary to examine the detailed character of the gas flow, particularly the occurrence of shocks and their relation to the observed dust lanes, in the inner regions of barred spirals. The present steady-state calculations provide this resolution along with the critical forcing amplitude required to produce shocks along the bar, in cases both with and without the effects of viscosity in the gaseous disk. One important effect discovered in this study is the shock-focusing phenomenon which focuses gas in the region of convergence where a spiral arm bends from the bar. In this paper we indicate how this shock-focusing phenomenon can account in part for the enhanced star formation activity and giant H n regions at the ends of the bar and in part for the observed sharp breaking of the bar into spiral arms. The interstellar gas, through its dynamics and through its important role in star formation, actually provides an outstanding interconnecting link between the overall optical appearance of a galaxy and the degree of development of spiral and bar structure on the one hand and the underlying dynamics of the galaxy in both its gaseous and stellar components on the other. In this paper we attempt to clarify this interconnecting link. Our determination of the nature of offset dust lanes as potential tracers of shocks and of the sensitivity of their exact location along a bar is shown to reflect the underlying stellar dynamics of the system. Thus, our gas dynamical models serve a twofold purpose: (1) to provide a better insight into the general properties of the gas flow in barred spirals, and (2) to clarify the relation between the underlying stellar component and various observed characteristics.
II. HYDRODYNAMIC EQUATIONS GOVERNING THE
GASEOUS DISK The dynamics of the gaseous disk are governed by the well-known hydrodynamic equations (written in vector invariant form, e.g., see Woltjer 1965): -Rotation characteristics for two axisymmetric equilibrium models in circular rotation. A perturbation that is barlike in the inner parts and spiral-like in the outer parts and rotates as a wave pattern with an angular speed O p is to be superposed. For the Op illustrated, the thin disk Toomre model (model T) has no inner Lindblad resonance; but an inner Lindblad resonance does occur in the same Toomre model when a spheroidal component is present (model T + S). U(m, i/j), the gravitational potential underlying the model galaxy considered, is composed of two parts: Ho(tü-), an equilibrium potential field corresponding to an axisymmetric mass distribution; and 0), a perturbing potential field that is barlike in the inner parts and spiral-like in the outer parts. P, p, and u are the gaseous pressure, density, and velocity, and D p is the constant angular pattern speed of the perturbation. Figure 2 shows the rotation characteristics-viz., D(W), angular velocity; k(w) 9 epicyclic frequency; and the combinations Q(W) ± k{w)¡2-for the two equilibrium models considered: (1) model T consisting of a thin-disk Toomre (1963) model, and (2) model T + S consisting of the same Toomre model together with an inhomogeneous spheroidal component superposed in the inner parts.
2 The total masses contained in the Toomre and spheroidal components are 1.2 x 10 11 M 0 and 0.4 x 10 10 M©, respectively. The presence of the spheroidal component in model T + S gives rise to an inner Lindblad resonance at m = 2.7 kpc (a second inner Lindblad resonance occurs inside the radius of 0.5 kpc). Huntley (1977; also see Clutton-Brock 1972) has shown that Poisson's equation for an infinitesimally thin Toomre disk, perturbed by an oval, barlike distortion, which has a mass distribution of the form d \ n rda?) x (1 + €j(a, td") cos (20))] (where B and a are constants with units of km s -1 kpc" 1 and kpc, respectively, and n T is the positive 2 Since only the potential at z = 0 is used in our calculations, the precise z-distribution of the matter associated with this potential is unimportant. The adopted nomenclature only indicates how we think it might be distributed. 
a(wr, 0) _ B 2 a* / 2ttG \ but adopt a perturbing potential 0) for both model T and model T + S which is barlike only in the inner parts of the disk and spiral-like in the outer parts:
XIi(to-, 0) = £i >2 (0, cos (20 + 0(737) ), (4) where the potential for the Toomre component U 0T is
The values a = 5 kpc and B 2 = 4000 km 2 s -2 kpc" 2 are adopted. O(td-) is chosen to ensure that the perturbing potential is barlike in the inner parts and spiral-like in the outer parts (also see Liebovitch 1978):
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where m 0 is a characteristic radius where the perturbing potential changes from barlike to spiral-like; N measures how sharply the change from barlike to spiral-like occurs, and i 0 is the limit to which the pitch angle of the spiral tends asymptotically in the outer parts of the disk. This choice of the barlike, spiral-like driving potential seems to be a rather natural one on several counts. First, in photographic studies of such systems the regions of enhanced luminosity exhibit such a barlike, spiral-like character. Second, this same general shape also characterizes the normal modes of the selfgravitating stellar disks calculated by Erickson (1974; also see Bardeen 1975) . Third, the response in the time-evolutionary hydrodynamical calculations (e.g., Huntley, Sanders, and Roberts 1978) to a mild barlike oval distortion also exhibits this same general character by forming a central gas bar with two trailing spiral wave arms. Thus, our barred spiral models may therefore be more realistic than previous models (as also emphasized by Liebovitch 1978) . Figure 3 shows the equipotential curves of the total potential field XloW + 0) for model T and model T + S in cases with ^4 = 1.8 and 1.2, respectively. The shape of the potential minimum of the barlike, spiral-like perturbing potential corresponds to the adopted values w 0 = 9 kpc, N = 5, and i 0 = 20°. A mild barlike oval distortion is apparent in the inner parts of each model. The ratio of the perturbing potential 0) to the axisymmetric potential HqW Fig. 3 .-Equipotential contours of the composite potential fields of models T and T + S, each with a perturbation that is barlike in the inner parts and spiral-like in the outer parts. Different contour levels have been used in each case. The spiral locus (short dashes) marks the minimum of the perturbing potential XLO, 0). The terminal marks on the axes indicate the radius at one-half corotation in each model (to-= 7.5 kpc).
at tet = 1.0,2.5, 5.0, and 10.0 kpc is 0.013,0.058,0.090, and 0.058 in model T and 0.007,0.035,0.057, and 0.037 in model T + S. The barlike distortion therefore represents a potential perturbation of 9J 0 and 5.7%, measured at its maximum value (at td-= 5 kpc), in models T and T + S, respectively. A determination of the magnitude of the maximum perturbing force to axisymmetric force as a function of radius shows that the barlike distortion at the typical radius of 5 kpc constitutes a force perturbation of 36.4% in model T and 21.9% in model T + S.
III. THE GASEOUS RESPONSE: TECHNIQUE OF SOLUTION
We consider the steady-state flow of an isothermal gas with a mean equivalent dispersion speed c = (dP/dp) 112 = lOkms -1 to 20kms _1 , which may be viewed as partly kinetic, partly due to turbulence, and partly due to cosmic ray particles. The steady-state response of the gas to the potential field of model T and model T + S is calculated by means of an analysis which enables the two-dimensional flow to be broken up into two physical regimes, illustrated in Figure 4 .
Regime I near and within the bar (and spiral arms) contains subsonic and moderately supersonic flow. Here the effect of gaseous pressure is important in the formation of a large-scale shock. Because the variation of the physical quantities of gaseous pressure, density, and velocity in the direction s along a shock is much smaller than the variation in the direction n normal to the shock, the flow in regime I can be determined through an asymptotic approximation that neglects this small variation along a shock with respect to that normal to the shock.
The governing equations for regime I (derived from eqs.
[1] and [2]) can be written
where n and s are the curvilinear coordinates normal to and parallel to the shock, w n and u s are the velocity components in these directions, respectively, and from 2c to 5c show that the solution is quite insensitive to the actual point of transition between regimes. Conservation laws in the form of shock jump conditions connecting the supersonic and subsonic branches are applied at the position along the flow where a shock is necessary.
In order to estimate the effects of dissipation on the gas flow, and in order to compare the present results with those of the two-dimensional, time-evolutionary, numerical calculations, we consider each model in two cases: both without and with a numerical viscosity. In the latter case the viscous force adopted is of the form
are the radial and tangential components of the velocity.
On the other hand, in regime II the gas flow is highly supersonic, with large streamline velocity relative to the effective dispersion speed of the gas. Here pressure effects are of secondary importance. Consequently the flow in regime II can be determined through an asymptotic approximation that neglects secondary terms proportional to the square of the dispersion speed, such as the transverse gradient of pressure. The governing equations for regime II can be written
where £ and x are the coordinates calculated along and normal to a streamline, u c is the total velocity along a streamline, and a is the angle which the streamline makes with the circular direction at any point along the streamline. The sonic point (u n = c) in regime I provides a convenient starting point for the calculation of the gas flow. At this point, in order to avoid a singularity in equation (8), the quantities w s , dujdn, and du s /dn must satisfy the sonic point conditions given in the Appendix. Using a fourth-order Runge-Kutta-Gill method, we integrate the flow along each streamline, both forward along a supersonic branch and backward along a subsonic branch from the sonic point, with the sonic point conditions as initial conditions. On the supersonic branch when u n < 2c, the flow is calculated according to equations (7), (8), and (9) for regime I. When the u n component of the flow exceeds 2c, the flow is computed according to equations (10), (11), and (12) for regime II. Tests for transition values of u n ranging and is added to the right-hand side of equation (2). The difference (w -Uq) measures the excursion of the total perturbed velocity of the flow from the local equilibrium circular velocity. This viscous force tends to damp the magnitude of the perturbation. In all cases considered, the more elongated streamlines of the gas response occur toward the inner parts (some of these cases are shown in Figs. 5, 6, and 7). Consequently, the viscous interaction of gas along different streamlines is likely to increase toward the inner parts. For this reason the damping coefficient of the viscous force is taken of the form
A value of A vlsc = 0.01 Myr -1 is adopted in most cases which follow, and the value of ^visc is taken as two-thirds the corotation radius. Thus the damping coefficient of the viscous force at td-= 5 kpc is A = 0.005 Myr -1 , where 1 Myr = 10 6 years. The viscous force in equation (13) is chosen primarily for its computational simplicity. The general character of the gas flow is found to be rather insensitive to the type of numerical viscosity employed in the calculations. For example, exploratory calculations with a bulk viscosity of the form (see Richtmyer and Morton 1967) ?visc = vwv.«) 2 ] 9 produces gas streamlines that are very similar in character to those calculated using the viscous force in equation (13). It should be noted that the insensitivity of the gas flow to the type, but not to the magnitude, of the numerical viscosity is also evident in the timeevolutionary numerical schemes. However, it must be kept in mind that for large deviations from circular rotation the type of viscosity chosen probably does affect the outcome of the calculations more substantially. Both the similarities in character and the differences in the details of the gas flow between the present steady-state study and the time-evolutionary calculations, as well as the effects of dissipation on the gas flow, will be further explored in the following sections.
No. 1, 1979 BARRED SPIRALS: GAS DYNAMICS AND SHOCKS IV. THE GASEOUS RESPONSE*. RESULTS a) Model T: A = 1.8 The composite picture for the steady-state flow of gas is shown in Figure 5 for the case of model T with the viscous force included and with a 9% perturbing potential 04 = 1.8 over most of the disk except for the very innermost part; see Fig. 9 ). The arrowed streamlines trace the "steady" flow of gas about the disk. The response of the gas is found to be strongly nonlinear with a shock wave {heavy line) forming near the minimum {dashed line) of the perturbing potential. Noncircular motions occur with radial velocities of the order of 100 km s -1 along the inner streamlines. Gas approaches the potential minimum at speeds which are highly supersonic. During this approach the gas is forced to "climb" the steep contour wall of the total potential field Ilo(tD-) + ^{m, i/j) (note the rather oval gas streamlines in Fig. 5 in comparison with the more circular equipotential contours in Fig. 3 ). This "climbing" of the potential wall during the large outward radial excursion of the gas acts to slow the flow down to moderately supersonic speeds along the streamline near its maximum radius. Other effects such as pressure also contribute to the deceleration of the flow in this region. It is in this region near the maximum radius of the streamline that the "piling up" of gas is so pronounced that a shock occurs. As gas flows out of this region, its component of motion normal to the shock is subsonic.
The viscous force in the present model is applied during the convergent phase of the flow, where its 73 effects are expected to be most pronounced (Richtmyer and Morton 1967) . The principal effect of this viscous force is found to be a shift of the shock forward in phase (clockwise) toward the leading edge of the bar. For model T, when the viscous force is applied, a shock occurs forward of the potential minimum by about 6°-10 o in phase in the inner regions of the disk. For the equivalent case when no viscous force is applied, the shock occurs very nearly along the minimum of the perturbing potential. b) Model T + S: A = 1.2 Figure 6 shows the composite picture of gas flow for model T + S with the viscous force included and with a 5.7% perturbing potential {A = 1.2). In the inner parts a galactic shock forms at a location shifted forward (clockwise) from the minimum of the perturbing potential toward the leading edge of the bar, as in model T. Even though the 5.77 0 perturbing potential in this model is somewhat weaker than the 97 0 perturbing potential in model T, the presence of an inner Lindblad resonance here in model T + S gives rise to a markedly stronger gas response in the inner parts. Sharply pointed oval streamlines and large noncircular motions with radial velocities of the order of 150 km s" 1 characterize this strong gas response. These motions give rise to strong velocity gradients across the major axis of the gas bar near the shock. In this region, outward "gas streaming" is found with velocities of the order of 100 km s _1 . Because of the presence of the inner Lindblad resonance, the shock MINIMUM OF PERTURBATION POTENTIAL FIELD Fig. 5 .-Oval, steady-state gas circulation (clockwise along arrowed streamlines) in model T, driven by the barlike, spiral-like potential field with the dashed contour levels in Fig. 3 . A shock forms at a location shifted forward (clockwise in phase) from the minimum of the perturbing potential toward the leading edge of the bar in this case, where the viscous force is included. Noncircular motions are present with radial velocities as high as 100 km s -1 along the inner streamlines. The terminal marks on the axes indicate the radius m = 7.5 kpc, at one-half corotation. -Oval, steady-state gas circulation in model T + S, containing a thin disk Toomre component and a spheroidal component, driven by the potential field with the solid contour levels in Fig. 3 . In the inner parts the gas response shows an offset shock shifted forward (clockwise in phase) from the minimum of the perturbing potential toward the leading edge of the bar. Large noncircular motions are present with radial velocities as high as 150 km s" 1 along the inner two streamlines. The terminal marks on the axes indicate the radius m = 7.5 kpc (one-half the corotation radius).
forms forward in phase toward the leading edge of the bar in model T + S in both cases with and without the viscous force present. Figure 6 also shows that the character of the gas streamlines in the inner and outer regions of model T + S differ markedly. This difference underlines the importance of the oblique shock. Across an oblique shock the tangential component of velocity is conserved while the normal component of velocity jumps from supersonic to subsonic values. In passage through an oblique shock, gas must therefore leave the shock at a more oblique angle than that at which it entered. In the outer regions, gas is entering the shock at an angle less than 90° (measured clockwise from streamline to shock) and is directed obliquely inward along the shock. On the other hand, in the inner regions, the gas-entering the shock at an angle of more than 90°-must be directed obliquely outward. The overall process identifiable here is a shock-focusing process which is capable of focusing gas in the outer parts inward, and gas in the inner parts outward. Such a shock-focusing phenomenon can lead to enhanced concentrations of compressed gas in the region of convergence where the spiral arm bends from the bar ; this phenomenon may account in part for the enhanced star formation activity often observed at the ends of the bar structure in barred spirals.
At this point it is interesting to note a distinct difference between the general characteristics of the gas flow in the two cases considered thus far. For model T in Figure 5 the flow is not driven sufficiently strongly, in the absence of an inner Lindblad resonance, to force the gas to enter the shock at an angle greater than 90°. Therefore, in both the outer and inner regions of model T, gas leaves the shock at an oblique angle everywhere directed inward. Gas streaming along the shock in the bar region is inward with velocities of the order of 35 km s' 1 , and the shockfocusing process is not present. Thus Figures 6 and 5 show the two fundamentally distinct pictures of shocked gas flow found to be possible in these calculations: (1) outward radial gas streaming versus inward radial gas streaming along the shock in the bar region, and (2) the existence of the shock-focusing phenomenon versus its nonexistence. These two cases are believed to be representative of the two types of shocked gas flow possible in the inner parts of barred spiral galaxies.
In addition to the factor of whether or not an inner Lindblad resonance is present, the magnitude of the forcing amplitude A in equation (3) is another important factor in distinguishing between these two types of shocked gas flow. Indeed, that of the Figure 5 type occurs only over a very limited range of forcing amplitude, just above the critical level of forcing at which shocks begin to form. For all larger forcing amplitudes considered (up to ^4 = 3.0) the Figure 6 type flow occurs. For example, for model T the calculations show that a forcing amplitude A = 2.0 already drives the gas sufficiently strongly to produce a new picture in which the gas streamlines are similar to those in Figure 6 and for which the shock-focusing phenomenon is present. Figure 7 shows the character of the gas flow in this case. Here, we find gas flow without shocks. The noncircular motions for this "nonshock" gas flow are much smaller than those induced by the higher forcing in Figures 5 and 6 . The radial velocities are again largest along streamlines in the inner regions of the disk, but they attain a magnitude only of the order of 50 km s -1 . Intercomparison of Figures 5, 6 , and 7 reveals an important effect associated with the appearance of shocks: for shocked flow, the streamlines cannot be closed. The shock and the viscous force together contribute to induce a slow perennial inward drift of gas toward the center. However, the magnitude of the perennial drift in these steady-state calculations is much less than that in the time-evolutionary calculations. The larger inflow in the latter calculations is caused by the much larger implicit (numerical) viscosity inherent in those schemes.
d) The Gas Flow in the Perspective of u n -Us Velocity Space In order to obtain a broader perspective of the gas flow, we show in Figure 8 a u n -u s velocity space plot of those gas streamlines which pass through 4 kpc in each of the models considered thus far. In the absence of any perturbing force, a perfectly circular streamline is obtained, with u n and u s constant everywhere along the streamline. Such a circular streamline corresponds to a single point in u n -u s velocity space. For a sufficiently low level of perturbing force, the gas response remains linear, and a periodic "nonshock" streamline is found, giving a smooth, closed oval (nonshock) curve in u n -u s velocity space. The gas flow is supersonic everywhere along this streamline. A larger amplitude of the driving force results in nonlinear behavior; but as long as u n remains supersonic everywhere, no shocks will occur. For a certain level of forcing, u n will just attain sonic velocity. In this case a streamline is obtained with a characteristic cusp at sonic in u n -u s velocity space. We will refer to such a streamline, which represents the transition case between streamlines with and without shocks, as a "cusp" streamline. The transition from nonshocked to shocked gas flow we will call the cusp transition. For forcing amplitudes above this critical level, only streamlines with shocks can be obtained.
e) The Cusp-Transition Figure 9 shows when shocks form and illustrates the importance of the magnitude of the forcing amplitude A. The cusp transition curve for each of the four models shown-T and T + S, with and without viscous dissipation-indicates the level of forcing (value of A) at which a cusp streamline with a sonic point at radius tD-sonic p?int can be found. Gas flow along a cusp streamline, driven at just the critical level, is supersonic throughout, except at the streamline's maximum radius where the flow decelerates just enough to reach sonic (see Fig. 8 ). The actual levels of forcing used in our models are denoted by the dashed lines at A = 0.6, 1.2, and 1.8. For the two cases illustrated in Figures 5 and 6 , the formation of largescale shock waves is a direct result of the fact that the forcing amplitude exceeds the critical level of forcing.
An important aspect shown in Figure 9 is the influence of the inner Lindblad resonance. The cusp transition curves with and without viscosity for model T + S, in which an inner Lindblad resonance is present, have a large dip at about 4 kpc. In this region, very little bar forcing is required to initiate shock formation. The behavior of the solutions at radii inside the dip is complicated. The major axes of cusp and ROBERTS, HUNTLEY, AND VAN ALEADA Vol. 233
Fig. 8.-Velocity space plot u n~us of selected gas streamlines in models T and T + S driven by different forcing amplitudes, A. The smooth, oval (nonshock) curve corresponds to the gas streamline in model T (A == 0.6, no viscous dissipation) whose maximum radius lies at 4 kpc. Also depicted are the streamlines whose sonic points lie at the radius of 4 kpc: the cusp (A = \ .7) and the shock {A = 1.8) streamlines in model T, and the cusp {A = 0.4) and the shock {A = 1.2) streamlines in model T + S (all with viscous dissipation included). Note that the occurrence of a shock is determined only by the crossing of sonic by u n \ u s governs the obliqueness of the shock. Also indicated is the location (2 x sonic) where the transition from regime I to regime II is made. nonshock streamlines, in contrast to those at radii outside the dip, are oriented perpendicular to the major axis of the bar. Furthermore, for forcing below the critical level in this region (dashed branches of the cusp transition curves for model T + S), we have been able to find, in addition to the expected nonshock solutions, two different families of shock solutions: one family oriented almost perpendicular to the bar; the other, more nearly parallel to the bar. The innermost streamline displayed for model T + S (in Fig. 6 ) belongs to the latter family.
It is interesting to note how much larger the velocity excursion of the gas flow near 4 kpc (see Fig. 8 ) is in model T + S (under lower forcing, ^4 = 1.2) than in Fig. 9. -Amplitude of the perturbation potential which characterizes the occurrence of cusp streamlines as a function of the sonic point of these streamlines. The cusp transition curve for each model represents the transition from steady-state gas flow without shocks to steady-state gas flow with shocks. The formation of large-scale shocks is found when the forcing amplitude exceeds the critical level of forcing delineated by the cusp transition curve. A = 1.0 represents a 5% perturbation of the potential at to-= 5 kpc.
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BARRED SPIRALS: GAS DYNAMICS AND SHOCKS 77 model T (under higher forcing, A = 1.8). Figure 9 shows why: the presence of an inner Lindblad resonance in model T + S. As a result of the large dip in the cusp transition curve induced by the inner Lindblad resonance, the "effective forcing"-measured as the net difference between the actual level of forcing and the critical level-is much larger in model T + S (e.g., at 4 kpc, A = 1.2 versus ^critical = : 0.4) than in model T (e.g., at 4 kpc, ^ = 1.8 versus ^critical = 1-7).
The sequence of possible pictures of gas flow in the bar region provided through Figures 7, 5, and 6, respectively, is therefore a sequence of increasing "effective forcing." Weak forcing drives gas flow without shocks, as illustrated in Figure 7 . At critical forcing, the gas flow goes through a transition from flow without shocks to flow with shocks. Slightly greater than critical forcing produces a flow with shocks of the type illustrated in Figure 5 . Forcing well above the critical level drives a large gas response with very large noncircular motions and produces a prominent shock-focusing phenomenon as in Figure 6 . V. THE GAS DENSITY DISTRIBUTION The gas surface density distribution cr along a streamline is calculated according to the law of conservation of mass flux m:
where As is the distance along the curvilinear coordinate s (perpendicular to n) from one streamline to the next. Figure 10 shows the gas density distribution cr/<cr> as a function of phase angle about the disk, calculated along a streamline with ^0^ point = 4 kpc in several of the models considered. Here the effects of the forcing amplitude, viscous dissipation, and an inner Lindblad resonance are further clarified.
First, the gas density distribution in response to a sequence of forcing amplitudes is shown in several cases of model T without viscous dissipation. For low forcing, A = 0.6, the gas responds only mildly and undergoes a weak sinusoidal density variation which resembles a linear density wave. For forcing near the critical level (A = 1.1 for model T), the density peak narrows into a cusp, and it is from this critical cusped wave that the shock forms when the wave becomes fully nonlinear for still higher forcing (A = 1.8). With the onset of the shock, the gas density distribution transforms from its rather symmetric character in phase (e.g., cusp) to one highly asymmetric and skewed with characteristic sharp rise followed by more gradual decline.
Second, the effect of the viscous force is illustrated in the two cases of model T driven by the same forcing A = 1.8, one with and one without viscous dissipation. For the viscous case, a value of A visc = 0.01 Myr -1 is adopted; this value provides for a viscous force whose magnitude can be as high as 10% that of the corresponding inertial force of pure circular rotation. The primary effect of this viscous force is to shift the shock and streamline forward by about 6° in phase with respect to the phase of the minimum (at 0°) of the perturbing potential. The viscous force also enters here to weaken the gaseous response. The gas density peak rises to a level of 3.8 when the viscous force is not present and to a level of 3.0 when it is.
Third, a comparison of models T (A = 1.8, dissipation) and T + S(y4 = 1.2, dissipation) further clarifies the effect of the inner Lindblad resonance. In model T + S, where the inner Lindblad resonance induces the shock-focusing phenomenon, the gas density response is considerably stronger than that in model T. For the cases of shocked gas flow shown, the broad Fig. 10 .-Steady-state response of the gas density distribution along a streamline which passes through 4 kpc in each of several models considered. In the sequence tending from low to high forcing, the gas density distribution changes smoothly from one resembling a linear density wave (A = 0.6) to a moderately nonlinear, cusped wave at transition (A = 1.7) to a fully nonlinear shock wave (A = 1.8) in sample cases of model T without viscous dissipation. The strong postshock compression in model T + S is the result of the prominent shock-focusing phenomenon present there. Fig. 11 .-Photographic simulation of the steady-state gas density distribution in model T {top) and model T + S {bottom), corresponding to the flow along the streamlines in Figs. 5 and 6, respectively. The orientation is chosen similar to the observed orientation of NGC 1300 (photograph in Fig. 1 ). The gas density distribution is interpolated on a grid of 480 x 480 cells, 1 cell per 50 pc. A strong shock together with a sharp, narrow gas density ridge forms along the bar structure in the inner parts, offset toward its leading edge. The highest intensity levels are darkened in order to emphasize the location of the shock and the narrow ridge of gas compression {dark lane) and to note how narrow this region really is.
BARRED SPIRALS: GAS DYNAMICS AND SHOCKS gas peak at a level of 5.9 in the postshock compression due to the shock-focusing phenomenon in model T + S (v4 = 1.2) is almost a factor of 2 higher and much more extended than the corresponding peak at a level of 3.0 in model T (A = 1.8). Figure 11 shows a photographic simulation of the gas density distribution for the shocked gas flow calculated in models T (Fig. 11, top) and T + S (Fig.  11, bottom) , both with viscous dissipation present. An orientation for viewing these models is adopted similar to the observed orientation of NGC 1300 (photograph in Fig. 1 ) : inclination 50°, position angle of the bar 99°, and position angle of the ascending node 90° (see Burkhead and Burgess 1973) . Techniques developed in our analysis make it possible to achieve a gas density distribution in these steady-state models with practically infinite resolution. Here the distribution of gas is displayed with a finite resolution of 50 pc on a grid of 480 x 480 cells. Most prominent is the sharp ridge of enhanced gas density which delineates the shock. The gas density increases somewhat before the flow 79 reaches the shock, and the intensity ridge in the inner parts actually includes some preshock gas. The shock itself lies within this intensity ridge, which in turn is already offset toward the leading edge of the bar. In order to mark the position of the shock and the ridge of maximum compression, the highest intensity levels are emphasized by darkening. The resulting "dust lanes" in this simulation help to underline the conclusion that the dark, narrow dust lanes observed offset toward the leading edges of the bar structure in many barred spirals may be tracers of such shocks in these systems.
VI. PHOTOGRAPHIC SIMULATION OF THE GAS DENSITY DISTRIBUTION
The mean gas density along each streamline in these models is chosen as a function of radius in such a way as to mimic a galaxy with an exponential disk and a central component. Comparison of the two panels shows the important result that the gas is more strongly concentrated toward the offset shocks in model T + S than in model T. This enhanced sharpness of the gas density distribution in the bar region results from the larger difference between the actual and critical levels of forcing (see Fig. 9 ) due to the presence of the spheroidal component and the associated inner Lindblad resonance in model T + S. In the outer regions, Fig. 12. -Map of the velocity field of the steady-state model T + S (corresponding to the gas streamlines in Fig. 6 ), delineated by some 6400 velocity vectors on a grid of 80 x 80 cells. To this degree of resolution the v large-scale shocks along the bar are detectable. the situation is just reversed : the gas density distribution along the spiral arms is more strongly concentrated in model T than in model T + S. This relative enhancement is due to the larger difference between the actual and critical levels of forcing (see Fig. 9 ) in the outer regions of model T.
VII. MAP OF THE THEORETICAL VELOCITY FIELD
In order to focus in more detail on the shock and the sharp ridge of enhanced gas density, we produce a map of the velocity field calculated from the family of arrowed streamlines in model T + S (in Fig. 6 ). Figure 12 shows the velocity field map for this steadystate model in a display which plots the velocity vectors interpolated over an 80 x 80 grid, 1 cell per 300 pc, which is chosen identical to the grid size employed by Huntley, Sanders, and Roberts (1978) for the time-evolutionary calculations. Numerous arrows delineate the strong outward preshock flow approaching the shock and also the strong inward postshock flow downstream from the shock. Five arrows {on each side) are apparent which delineate the outward, highly Vol. 233 oblique postshock flow in the shock-focusing region just adjacent to each shock. Corresponding displays for the time-evolutionary calculations show a similar character, except that in the narrow postshock region, it is important to note, not even one arrow can be found which delineates outward, highly oblique, postshock flow. Coarse resolution is no doubt playing a role in the time-evolutionary calculations to smooth such detailed features.
VIII. A SAMPLE BARRED SPIRAL GALAXY: NGC 5383
One of the most detailed velocity field maps for barred spirals available to date in the literature is that of NGC 5383 derived from spectroscopic observations by Peterson et al. (1978) . The observed (line of sight) gas velocities are shown in Figure 13 . The most striking aspect of this observed velocity field is the strong velocity gradient across the bar as evidenced by the crowding of isovelocity contours there. We believe that this velocity gradient is related to the bardriven flow of gas in NGC 5383. 
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In order to investigate this possibility, we will adopt the steady-state models in Figures 5 and 6 and view them in the same orientation as NGC 5383 is viewed in the plane of the sky. Independently Huntley (1978) follows a similar procedure for a time-evolutionary model. Figure 14 shows the velocity field maps predicted from model T and model T + S, for the following adopted orientation parameters for NGC 5383: inclination 40° (Burbidge, Burbidge, and Prendergast 1962) , position angle of the bar 134°, and position angle of the ascending node 85° (Nilson 1973).
As in the observed map, the most striking aspect of the theoretical maps in Figure 14 is the strong velocity gradient across the bar. In both models this strong gradient is a result of the highly oval gas circulation driven by the barlike potential field in the inner parts. There seems to be good overall agreement between these isovelocity contours and those in the observed map. Note the sudden clockwise turn in the -100 km s -1 and -50kms _1 contours in the NW quadrant s (and in the +100kms _1 and +50kms _1 contours in the SE quadrant) of the theoretical maps where these contours cross the shock and spiral arm. Very similar bends occur in the -100 km s _1 and +100 km s -1 contours in the observed map where these cross the spiral arms. The velocities near the spiral arms in the observed map have not been sampled densely enough to detect any such bends in the other contours. The observed sudden counterclockwise bend at the end of the bar appears as a much more gradual turning of the theoretical contours. This difference is probably due to the much smoother transition from bar to spiral arm in the models. The run of the contours in the outermost part of the models is in better agreement with the H i observations of Sancisi, Allen, and Sullivan (1979) than with the extrapolated run of the optically determined contours.
The two velocity field maps in Figure 14 resulting from the steady-state models differ from one another in one principal regard. The crowding of isovelocity N Fig. 14. -Map of the predicted velocity field of the steady-state models-model T (dashed contours) and model T + S (solid contours) as illustrated in Figs. 5 and 6, respectively-viewed in the same orientation as derived observationally for NGC 5383. The isovelocity contours in both models are rather similar to the observed velocity field of NGC 5383 (in Fig. 13 ). The observed velocity gradient across the bar in NGC 5383 has a magnitude between that of the steep gradient in model T + S and that of the more moderate velocity gradient in model T. ROBERTS, HUNTLEY, AND VAN ALBADA contours along the bar is greater for model T + S than for model T. Along the bar the isovelocity contours in model T + S appear more crowded than those in the observations, and those in model T appear less crowded. The gas flow in these two models may therefore actually represent limiting bounds on the real picture of gas flow in NGC 5383 and on the actual magnitude of the noncircular motion present there. On the other hand, if model T + S, for example, were viewed with the same spatial and velocity resolution as was achieved in the observations, and if this model were fully three-dimensional, then the isovelocity contours in the central regions of model T + S would exhibit somewhat less crowding and the corresponding velocity gradient would appear less strong, showing even better agreement with the observations of NGC 5383.
IX. CONCLUSIONS AND DISCUSSION
Our models show that a strong wave manifestation is an important constituent of the bar structure in many barred spirals. The first inkling of such a wave manifestation dates back to the preliminary study of the steady-state gas response to a mild, barlike "wave" distortion by Roberts (1971) and has been followed through the more recent time-evolutionary calculations. We see in our models that a density wave-shock wave can form a bar structure which is as pronounced as the strikingly narrow bars so often evident in optical photographs of barred spirals. The underlying mass distribution might be attributable to the less easily detectable old star population.
Our driving potential represents only a small perturbation on the axisymmetric potential field of the disk, yet the perturbation in the mass distribution underlying such a perturbing potential is not so small. For the cases shown in Figures 7, 6 , and 5, with potential perturbations of 3%, 67 0 , and 97 0 , respectively, the corresponding perturbation in mass distribution reaches a maximum amplitude of 157o> 307 o > and 457, of the axisymmetric mass distribution. At first sight such perturbations may seem to be at variance with Freeman's (1970) findings that the bar generally is only a relatively minor feature in the disk. However, he refers only to the total luminosity and the length of the bar as compared to the disk as a whole. The relative insignificance of the bar is caused by the large extent of the disk. If we compare our model with the isophotal map of one of Freeman's sample galaxies, e.g., NGC 1313, as observed by de Vaucouleurs (19636) , we see that the azimuthal contrast in the bar region of that galaxy is quite near 3:1, also corresponding to a 507o perturbation, in good agreement with our strongest forcing case.
It is important to note how strongly elongated the inner gas streamlines really are: an average of 4:1 in model T and 5.5:1 in model T + S. The overall gas distribution is even more elongated due to the piling up of gas near the shocks (see the shocks in the photographic simulation in Fig. 11 ). In contrast, the underlying barlike mass distribution associated with the driving potential field is much less elongated: 2:1 Vol. 233 in model T and even less in model T + S. Thus, we emphasize that a very narrow gaseous bar and a very narrow optically observable bar do not necessarily require nearly as pronounced an underlying stellar {old star population) bar (also see the morphological survey of Kormendy 1979).
The dark, narrow dust lanes often observed along the leading edges of the bar structure in barred spirals are identified in the present study as tracers of shocks. Such a shock induces a highly asymmetric gas density distribution which is skewed in phase (see Fig. 10 ), with characteristic sharp rise followed by more gradual decline toward the leading edge of the bar. The presence of an inner Lindblad resonance and the effect of the viscous force in the gas both tend to shift the shock itself forward in phase toward the leading edge of the bar. For gas flows both of the Figure 5 type, without shock-focusing (but with viscous dissipation present), and of the Figure 6 type, with shockfocusing present, the shocks and associated dust lanes appear offset along the leading edge of the bar. On the other hand, those barred spirals which do not possess narrow dust lanes along the bar may be systems which are better characterized by a picture of the Figure 7 type, in which the forcing is weak (below critical), the streamlines are much less oval, the noncircular motions are smaller, and no shocks form (also see Chevalier and Furenlid 1978) . Similarly, in this overall perspective, we view those barred spirals whose dust lanes lie more closely along the axis of the bar without appreciable offset to be systems better characterized by a picture intermediate between the Figure 5 and Figure 7 types, in which the forcing is near the critical level and the gas density distribution is still highly symmetric in phase (e.g., cusp in Fig. 10 ).
3
The gas undergoes a slow perennial drift inward during each circulation of the disk. Such a drift is induced by viscous dissipation and the torquing of the gas inward with each passage through a shock. We estimate that the magnitude of the effect is small, perhaps taking 5 to 10 revolutions before the inward drift of a parcel of gas can reach 507 o °f its current radius. Such a perennial inward drift of gas has the effect of feeding and enhancing the gas concentration in the very inner regions of a galaxy. On the other hand, shocks can convert gas into stars. Any long-term depletion of the gas by continual cycling through shocks could counterbalance the buildup of gas in the inner regions. In particular, strong shocks along the bar structure during even a small fraction of the lifetime of a barred spiral might easily deplete a large enough proportion of the gas to cause a lack of gas in the inner annuli encompassing the bar by the time of the present epoch of evolution. The question of the actual balance realized in present-day barred spirals between these two competing mechanisms and others is an intriguing one which certainly deserves further investigation.
In our models we allow the bar to break into spiral arms inside corotation. This may seem to be at odds with the conclusions in the numerical hydrodynamical 3 If viscous effects are not important in a galaxy, such nonoffset dust lanes may also be associated with shocked flow if no inner Lindblad resonance is present.
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(non-self-gravitating) models where the end of the bar occurs very near corotation. However, if we examine the photograph of NGC 1300 in Figure 1 , we see that the dust lanes lie on the inside edge of the spiral arms and the H n regions on the outside edge. This is consistent only with spiral arms inside corotation, in agreement with our models. The spiral arms in NGC 1300 seem to cross corotation about 90° around in phase from the bar, where the dust lane crosses to the outside of the arm and where no H n regions are found (but see Sanders and Tubbs 1980) .
The shock-focusing phenomenon discovered in the present work goes a long way toward accounting for the enhanced star formation activity and giant H n regions observed at the ends of the bar structure in many barred spirals. Because the shock-focusing phenomenon also acts to make the concentration of gas bend more acutely in the region where the bar bends into spiral arms, it also helps to explain at least part of the observed sharpness of the breaking there. The real magnitude of the effect and the corresponding amount of radial excursion which the gas flow can undergo in the postshock region are important questions whose answers must await further calculations. Such calculations must better take into account the pressure gradient along the shock, particularly for the postshock gas. Fully two-dimensional calculations are desirable for a better determination of the flow and the shockfocusing phenomenon in this region, but such calculations must be refined beyond the stages of current two-dimensional numerical techniques which are critically hampered by a lack of resolution which suppresses just the phenomena hoped to be investigated.
In addition to examining the shock-focusing phenomenon in greater detail, it is also desirable in future work to study the effects of self-gravity. Preliminary time-evolutionary calculations with gas self-gravity (Huntley 1979) indicate that the pitch angle of the gaseous spiral arms is a strong function (while the phase angle of the gas bar relative to the driving bar is a weak function) of the relative mass of gas in the disk. For relatively small gas mass, the spiral wave arms are tightly wound; for larger gas mass, the pitch angle of the spiral arms increases appreciably.
The importance of detailed, high-resolution spectroscopic observations of the gas in disk galaxies is emphasized by the present calculations. Our results suggest that the outflow associated with the shockfocusing phenomenon may occur in quite a narrow region (although additional pressure effects may broaden it somewhat). It should nevertheless be possible to detect such outflow observationally by observing a constituent that is strongly enhanced in this region and that shares the outward velocity of the gas. Since this region of outflow is also the region where the compression is maximal and where star formation is likely to occur (if the gas content in these inner regions has not been too highly depleted during previous evolutionary stages), such constituents could be molecules (such as CO), H n regions, and OB associations. Even if a constituent is a tracer only of the preshock velocity of the gas, it should correctly 83 indicate if outflow occurs since the velocity tangential to the shock remains virtually unaltered. Such observations should make it possible to distinguish those galaxies in which shock-focusing occurs from the less strongly perturbed galaxies where it is absent.
Spatially extensive velocity field maps, while difficult to obtain, are crucial in separating different dynamical models of the disk. For example, the observations of NGC 5383 are of sufficient resolution and sensitivity to permit us to conclude that our barlike models, as well as that of Huntley (1978) , are probably a better fit to the observations than the warped-disk model of Peterson et al. (1978) . Although both bar models and warped-disk models are capable of producing the deviations from circular motion observed in the spiral arm region in the outer parts of the disk, bar models (in a natural way) can also produce the large systematic deviations from circular rotation observed in the central regions of NGC 5383.
Given sufficient inclination to the line of sight, disk galaxies with bars can be differentiated from disk galaxies with other nonaxisymmetric perturbations, even though the bar may not be readily apparent in optical photographs of the galaxy. The peculiar spiral galaxy NGC 3310 (van der Kruit 1976) illustrates this point. Although no bar is readily apparent in van der Kruit's Ha photograph of the disk; and although its velocity field has been mapped at an effectively lower spatial resolution than the velocity field of NGC 5383 (NGC 5383 has a larger angular diameter), NGC 3310 appears to exhibit a velocity field characteristic of gas flow around a bar.
It should be emphasized here that in the present steady-state models, as in the time-evolutionary models, even moderate-amplitude barlike perturbations (107 o or less of the local axisymmetric potential) in the disk can drive large noncircular gas motions, typically 50-750 km s -1 . Bars of this amplitude and of small spatial extent may not be easily visible in photographs of normal spiral galaxies, yet may readily appear in velocity field maps of the gas, particularly in the central regions of the disk. In other disk galaxies, where a significant inclination to the line of sight often hinders the detection of even large-scale bar structures, detailed velocity maps for the gas may help to settle the question of the underlying stellar dynamics. Such maps might well help to differentiate among bars, warps, and other large-scale features which no doubt contribute to produce the large, systematic, noncircular gas flows observed in many disk galaxies (see also Bosma 1978) .
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